Alternative splicing contributes to increased transcriptome and proteome diversity in various eukaryotic lineages. Previous studies showed low levels of conservation of alternatively spliced ('cassette') exons within mammals and within dipterans. We report a strikingly different pattern in Caenorhabditis nematodes -more than 92% of cassette exons from C. elegans are conserved in C. briggsae and/or C. remanei. High levels of conservation extend to minor form exons (present in a minority of transcripts), and are particularly pronounced for exons showing complex patterns of splicing. The functionality of the vast majority of cassette exons is underscored by various other features. We suggest that differences in conservation between lineages reflect differences in levels of functionality, and further suggest that these differences are due to differences in intron length and the strength of consensus boundaries across lineages. Finally, we demonstrate an inverse relationship between alternative splicing and gene duplication, suggesting that the latter may be primarily responsible for the emergence of new functional transcripts in nematodes.
Introduction
Alternative splicing (AS) is widely regarded as a major contributor to transcriptome and proteome diversity (Maniatis and Tasic 2002; Modrek and Lee 2002) . It is found in many eukaryotic groups, however it is not known whether frequent AS emerged early in eukaryotic evolution , or has emerged more recently within independent lineages (Ast 2004 ). Estimations of alternatively spliced genes in the human genome range between 40-60% of all genes (Mironov, Fickett, and Gelfand 1999; Modrek et al. 2001; Kan, States, and Gish 2002; Modrek and Lee 2002) and up to threequarters of multiexonic genes (Johnson et al. 2003) .
Despite its importance, genome-wide patterns of AS evolution have remained largely unexplored. Recent studies have focused on levels of conservation of alternatively spliced sequences (especially of 'cassette exons') based on computational analysis of EST databases and genome sequences (Modrek and Lee 2003; Nurtdinov et al. 2003; Malko et al. 2006) .
These studies have shown a relatively low level of alternatively spliced exons conservation, always much lower than the level of conservation of constitutive exons (i.e. those exons included in all transcripts). Between mouse and humans, 25.4% of alternatively spliced exons were species-specific, compared to less than 3% of constitutive exons (Modrek and Lee 2003) . Recently, Malko and co-authors (Malko et al. 2006) analyzed conservation of alternatively spliced sequence in dipterans. They found that 21.3% of cassette exons were species-specific between Drosophila melanogaster and Drosophila pseudoobscura (diverged only 25-30 million years ago (Mya) (Russo, Takezaki, and Nei 1995) ), and that more than half were species-specific between D. melanogaster and the mosquito Anopheles gambiae over a longer evolutionary time (Holt et al. 2002) , in contrast to only 3% and 23% of constitutive exons, respectively (Malko et al. 2006) . It should be noted that conservation of the exonic sequence obtained in these analyses does not imply conservation of AS in itself; the exons could be present in the compared species, but constitutively spliced.
In human and mouse, major-form exons (those present in the majority of transcripts) are the most conserved, with less than 3% of alternatively spliced exons observed only in one species, while minor forms (present in the minority of transcripts) are mostly species-specific, with 75% of minor exons being species-specific (Modrek and Lee 2003) .
This low level of conservation of alternatively spliced exons found in mammals and dipterans has cast doubt on the functionality of AS in general and of minor alternative splice forms in particular (Modrek and Lee 2003) . These non-conserved exons have been considered by some authors as biological (Sorek, Shamir, and Ast 2004) and/or experimental noise (Modrek and Lee 2002) , or as recently evolved forms that are being tested under near-neutral fitness scenarios (Modrek and Lee 2003) .
We recently showed experimentally that 19 out of studied 21 AS events were not only conserved between Caenorhabditis elegans and Caenorhabditis briggsae, but that regulation of AS was also conserved . If these results are also valid on a genomewide scale, they are in stark contrast to what is found in other lineages. Here we report a genome-wide analysis of conservation of alternatively spliced exons from C. elegans to both C. briggsae and C. remanei, two species that both diverged from C. elegans around 100 Mya (Stein et al. 2003) .
Intron evolution in Caenorhabditis constitutes an intriguing deviation from many animal lineages. Nematodes show uncharacteristically conserved 3' intron boundary sequences (Sheth et al. 2006) , have experienced relatively large amounts of intron loss and gain (Kent and Zahler 2000b; Guiliano et al. 2002; Rogozin et al. 2003; Cho et al. 2004; Raible et al. 2005; Roy and Penny 2006) , show a very narrow distribution of intron lengths and exhibit a variety of deviations from general splicing patterns including utilization of trans-splicing (Krause and Hirsh 1987) . Strikingly, we find very high global levels of evolutionary conservation of cassette exons at the genomic level, much higher than previously found in dipterans or mammals. Moreover, other exonic features further support that most alternatively spliced forms in Caenorhabditis might play a functional role in the biology of these organisms. We discuss implications and possible causes for these pronounced differences between animal lineages.
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Methods
We identified cassette exons in C. elegans based on annotations from genome annotation version 160 at WormBase (www.wormbase.org) (Bieri et al. 2007) . We defined cassette exons as an internal exon that can be either included or completely spliced out from the mRNA transcripts (i.e. we did not consider cases that are due to use of alternative splicing boundaries). Among the 393 genes with cassette exons (620 total cassette exons) 367 genes (93.4%) have reciprocal best hit orthologs in C. briggsae and C. remanei, and contain a total of 563 cassette exons whose inclusion was supported by mRNAs, ORF Sequence Tags (OSTs) and/or at least 1 EST (in 352 genes). We also considered the subset of 471 cassette exons supported by mRNAs, OSTs and/or at least 2 ESTs, following Modrek and Lee (Modrek and Lee 2003) . Since the conservation was lower for the first dataset (90.9% vs.
91.9% for the C. elegans-C. briggsae comparison), we conservatively used this dataset for further analyses.
As described by Modrek and Lee (Modrek and Lee 2003) , we grouped single cassette exons in three categories according to their expression level, measured using sequence tags (ESTs and OSTs): major-forms (the exon is included in more than 67% of sequence tags (STs)), minor forms (included in less than 33% of the STs) and undetermined (either between 33 and 67%, or if there were less than 5 STs in total).
Conservation was assessed as follows. For each gene, we downloaded the sequences for all C. elegans isoforms and the genomic and predicted mRNA for C. briggsae. We aligned all of these sequences by ClustalW, curating each alignment by eye, using the genomic sequence of C. elegans if necessary.
In cases in which the predicted gene model(s) of C. briggsae did not contain the region corresponding to the cassette exon, we used two approaches to determine intron presence/absence. First, we performed a BLASTN search of the exon against the C. briggsae genome. Second, we downloaded the entire C. briggsae genome contig and aligned it with the exon using ClustalW.
Conservation for all exons was assessed by hand individually, using the following minimal basic criteria:
i. Over the entire coding length of the exon, at least 40% sequence conservation at the amino acid and/or nucleotide.
ii. The predicted exon must be in the correct genomic position (i.e. must lie between the C. briggsae sequence that is homologous to the flanking constitutive exons in C.
elegans)
iii. There must be potential in-frame canonical splice sites (AG...GT).
iv. The exon cannot have any reading frame shifting in-del in coding sequence relative to the C. elegans sequence. v. A p-value lower than 0.05 using the PRSS/PRFX software to compare both exons, including the splice sites.
To assess conservation in C. remanei, we downloaded the genomic region containing the predicted ortholog. We used a similar methodology as described above.
When necessary, we have also used comparisons between C. remanei and C. briggsae, using similar criteria (an exon sequence could be too diverged compared to C. elegans, but more highly conserved between C. remanei and C. briggsae, which are more closely related).
We excluded one case in a highly repetitive region, where presence/absence in other species was unclear. Conservation of one cassette exon in C. remanei could not be tested, since the gene prediction fell at the end of a contig.
To estimate the conservation level of constitutive exons, we used a sample of 829 constitutive exons from the same studied 352 genes, to avoid biases due to a potentially different level of conservation of alternatively spliced genes (Cusack and Wolfe 2005) .
To study the gene family sizes, Wormbase annotations of number of paralogous genes for 21105 known and predicted C. elegans genes (CEL160) were obtained from (http://www.ensembl.org/biomart/martview/) (Curwen et al. 2004; Durinck et al. 2005) . 391 of the 393 C. elegans genes containing cassette exons were mapped to this dataset and their average number of paralogs was calculated and compared to the average number of paralogs for the remaining 20708 C. elegans genes. The statistical significance of the average paralog number of C. elegans genes containing cassette exons was evaluated by bootstrap resampling of the full dataset using the R statistical package.
To assess whether the difference in family size between alternatively and constitutively spliced genes was due to differences in EST coverage per gene, we generated 10,000 random subpopulations of genes with the same numbers of ESTs (i.e. for each AS gene, for each subset we selected a random gene with the same number of ESTs). The random subsets had a higher average gene family size (3.2 genes/family); none of the 10,000 sets had a lower average family size than the real AS set.
Results
Conservation of cassette exons in C. elegans and C. briggsae
We identified 563 'cassette' exons (those that are either completely included or excluded from alternative transcripts; Figure 1 ) supported by mRNAs, ORFeome sequence tags (OSTs) and/or at least 1 EST, found in 352 C. elegans genes with 1:1 orthologs in C. briggsae and C.
remanei (see Methods). Of these, 513 (90.9%) are conserved in the genomic sequence of C. briggsae, 515 (91.6%) in C. remanei and 92.4% are present in one or both species. Thus only 7.6% of cassette exons are species-specific to C. elegans. By comparison, among the same 352 genes, 97.7% of constitutive C. elegans exons were conserved between species.
Gene structure of cassette exons and evolutionary conservation
We also found that cassette exons tend to cluster in groups along genes (i.e. lie adjacent to other cassette exons; Figure 1 ): 46.5% of cassette exons lie adjacent to another alternatively spliced exon. Of these clusters, 57.3% consist of two cassette exons; 36.7% contained three exons, and the rest contain four or more. Among the 75 two-exon clusters, 54.7% are 'codependent' (transcripts include either both exons or neither exon, Figure 1d ), 29.3% are 'mutually exclusive' (all transcripts contain exactly one of the two exons, Figure 1e ) and the remaining 16.0% show more complex patterns (Figure1f). Interestingly, we found that the evolutionary conservation is higher in the grouped exons (Figure1). Only 3.8% of exons in clusters are species-specific (compared to 11.0% of single exons).
Conservation of cassette exons with different inclusion levels
As described by Modrek and Lee (Modrek and Lee 2003) , we grouped single cassette exons in three categories according to their expression level: major forms, minor forms and undetermined (see Methods).
The level of conservation of major-form single cassette exons in C. briggsae or C. remanei (94.8%) is significantly higher than for minor-form exons (79.1%, P<0.005 by a Fishers exact test) (Table 1) , and similar to constitutive exons. Including all alternatively spliced exons (i.e. both single cassette exons and clustered cassette exons) yields even higher results -82.7% of minor forms, versus 96.0% for major forms -due to the much higher level of conservation of minor form exons (89.2%) within clusters of cassette exons.
Notably, these differences are likely conservative estimates. Modrek and Lee used a dataset based on exons supported by at least 2 ESTs, thereby excluding what may be some low 8 frequency minor forms and leading to higher conservation values, whereas we conservatively studied also exons supported by a single EST.
Conserved and non-conserved single cassette exons
We next compared the subsets of single cassette exons that are conserved in at least two species (268 total exons) and non-conserved (33 total exons). First, we found higher median and mean lengths in conserved than non-conserved exons (Table 2) .
Second, for each single cassette exon, we determined the following characteristics: (i) whether the exon inclusion/exclusion may lead to alternative translation initiation (the exon contains an alternative ATG start codon); (ii) whether the exon contained an in-frame STOP codon; and (iii) whether the exon was a multiple of three base pairs, that is, whether or not exon inclusion/exclusion maintained the reading frame (RF) ( Table 2) . Interestingly, similar fractions of exons in both sets cause a frame shift and/or contained an in-frame stop codon (28.7% for conserved exons; 21.2% for non-conserved; p=0.108, Fisher exact test). This contrasts with the case in humans and mouse, in which a majority of non-conserved exons, but only one-third of conserved exons, disrupt the coding frame (Sorek, Shamir, and Ast 2004) .
Alternative splicing and gene family size in C. elegans
The size of a gene family and degree of AS has previously been found to be inversely correlated in the mouse and human genomes (Kopelman, Lancet, and Yanai 2005) . We obtained the wormbase annotation of paralogous C. elegans genes via the BioMart tool (Durinck et al. 2005) in the Ensembl database (Curwen et al. 2004) and investigated the gene family sizes of the genes containing cassette exons compared to the remaining C. elegans genes. We found that the genes containing cassette exons belong to smaller gene families (1.6 genes/family on average) than remaining C. elegans genes (4.5 genes/family on average). This difference is highly significant (p<<10e-6) as evaluated by bootstrap resampling.
Moreover, among our set of alternatively spliced genes, the frequency of 1:1 orthologs increases to 93.4% (65% for the whole genome). This suggests that (i) alternatively spliced genes undergo less gene duplication than constitutively spliced genes on average and/or (ii) large gene families tend to evolve less alternative splicing on average.
Discussion
High level of conservation of alternatively spliced exons in Caenorhabditis
We here report the first genome-wide study of the evolution of alternative splicing in nematodes. In contrast to previous results for dipterans and mammals, we find a very high level of evolutionary conservation of alternatively spliced exons between C. elegans and C.
briggsae and between C. elegans and C. remanei (both pairs diverged 85-110 Mya, (Stein et al. 2003) ). Only 7.6% of exons that are alternatively spliced in C. elegans are absent from both the C. briggsae and C. remanei genomes, less than half the value for shorter timescales in dipterans (Malko et al. 2006) or mammals (Modrek and Lee 2003) (Table 1 ). This implies that the vast majority of the alternatively spliced exons in C. elegans was present in the common ancestor of these species, and has been mostly preserved during ~100 million years of nematode evolution.
This difference is especially striking for minor-form exons. A clear majority of minor-form exons are conserved in Caenorhabditis (82.7%; 79.1% for single cassette exons), in contrast to only a quarter for human and mouse (Modrek and Lee 2003) (Table 1) .
Conservation of alternative exons versus conservation of alternative splicing
Previously, we showed that 19/21 of studied alternatively spliced sequences in C. elegans were both conserved and alternatively spliced in C. briggsae . By contrast, in the current genome-wide study we were able to establish the high evolutionary conservation of cassette exon sequences, but not of splicing patterns (due to the lack of enough available transcript sequences from C. briggsae and C. remanei).
Analyses in which genome-wide patterns of AS are compared require a vast amount of expression data (ESTs and mRNAs) for all the species studied, and thus only mouse-human comparisons have been carried out to date. All of these surveys found very low conservation between these two species (Kan, States, and Gish 2002; Modrek and Lee 2003; Nurtdinov et al. 2003; Thanaraj, Clark, and Muilu 2003; Resch et al. 2004; Sugnet et al. 2004; Yeo et al. 2005) , reviewed in (Lareau et al. 2004) ).
Other previous studies are more readily comparable to the current one, focusing on levels of conservation of alternatively spliced sequences (but not on conservation of AS itself) using very similar methods to ours. These studies have shown a relatively low level of alternatively spliced exons conservation both in mammals (Modrek and Lee 2003; Nurtdinov et al. 2003) and in dipterans (Malko et al. 2006 ), always lower than the level of conservation of constitutive exons.
It should be kept in mind that the fact that the exons included in this study are conserved to C. briggsae does not in itself imply that they are also alternatively spliced in C. briggsae.
Nonetheless, the conservation of these sequences, alternatively spliced in C. elegans, indicates that the sequence itself may have functional importance. Furthermore, we showed that for 19/21 AS events, conservation of the sequence also implied conservation of regulated AS ) and Kabat et al. showed that, for 147 conserved alternatively spliced exon pairs, alternative splice site strength and patterns of cis-regulatory elements are similar in the two species (Kabat et al. 2006) . These studies thus suggest that sequence conservation may often be associated with conservation of AS.
Heterogeneities of the tempo of genome evolution in animals
The low rates of alternatively spliced/cassette exon turnover in Caenorhabditis contrast with high rates of other types of genomic evolution in these species. Relative to other metazoans, Caenorhabditis shows high rates of genome rearrangement (Coghlan and Wolfe 2002; Stein et al. 2003) , sequence evolution (Stein et al. 2003) and gene duplication (see below). Most strikingly, Caenorhabditis shows one of the highest rates of intron loss/gain evolution yet observed, with 2.5% of intron positions having experienced intron gain/loss between C. elegans and C. briggsae (Kent and Zahler 2000a) , 25 times more than between mouse and human (0.1%; Roy, Fedorov, and Gilbert 2003) .
Functionality of alternative splicing in Caenorhabditis and mammals
A central question of alternative splicing is the extent to which observed alternative transcripts are functional (Sorek, Shamir, and Ast 2004) . The finding of a surprisingly small number of genes in the human genome, but extensive alternative splicing, led to the idea that widespread AS might be an important mechanism for increasing genome-wide protein diversity. However, it was subsequently found that AS was not highly conserved among mammals and that the many alternative transcripts in humans contain frameshifts and/or stop codons and are thus likely to be degraded by nonsense-mediated decay (NMD) (Lewis, Green, and Brenner 2003; Hillman, Green, and Brenner 2004; Sorek, Shamir, and Ast 2004) and therefore do not contribute to the proteome.
To date, estimates of the genome-wide level of functionality of alternative splicing isoforms have been elusive. Evolutionary conservation of alternatively spliced exons over long times presumably indicates functionality, thus the current results for Caenorhabditis would imply that the large majority of both minor-and major-form alternatively spliced exons in these species are functional, whereas in mammals, minor forms have been suggested to be largely non-functional (Sorek, Shamir, and Ast 2004) .
Nonetheless, lack of evolutionary conservation does not imply lack of function. Turnover of alternatively spliced exons, as with any genetic feature, could reflect evolution of new functions, or transfer of ancestral functions to or away from certain exons. In this context, the similar characteristics of conserved and non-conserved exons in C. elegans, especially the high proportion of exons with lengths divisible by three, would suggest that even most nonconserved isoforms could have a function, perhaps in contrast to mammals (Sorek, Shamir, and Ast 2004) .
On the other hand, many or even most non-conserved alternatively spliced exons (particularly in lineages such as mammals in which significant majorities of alternative exons are not conserved), could reflect inclusion in transcripts of otherwise intronic stretches of sequence that impart no function. At least in the comparison of nematodes and vertebrates, there is reason to think that differences in genomic structure could lead to differences in levels of splicing variation. Caenorhabditis introns are shorter and more uniform in length than are mammalian introns (Lander et al. 2001; Collins and Penny 2006) . The splicing boundaries of Caenorhabditis introns are more highly conserved across the genome (with a more pronounced T n AG consensus sequence at the 3' end of the intron, Sheth et al. 2006 ). All of these features which would seem to allow for greater precision in intron boundary recognition. In mammals, on the other hand, intron structure may facilitate the random occurrence of weak cryptic splice sites leading to a greater rate of novel, mostly non functional, alternative transcripts. Thus one possible interpretation of the difference between conservation of AS exons in Caenorhabditis and mammals is that many AS exons in mammals do not encode new functions but are instead non-functional variants attributable to the signal-to-noise problem inherent in splicing of long mammalian introns.
However, these 'mistakes' will sometimes confer a new function, in which case their splicing might be strengthened leading to a new functional alternatively spliced exon. Importantly, despite the presumed lack of function of most such novelties, the rate of emergence of new functions will be dependent on the rate of emergence of such new (mostly non-functional) alternative exons. Thus, even if a large amount of AS in mammals constitutes non-functional transcripts, the higher rate of creation of new transcripts itself will likely drive a higher rate of emergence of functional alternative splicing.
Alternative splicing and gene duplication in metazoans
AS and gene duplication are two evolutionary mechanisms with similar effects, i.e. increasing transcriptome diversity, and their occurrence has been shown to be inversely correlated across gene families within human and mouse genomes (Kopelman, Lancet, and Yanai 2005) . Using a similar approach, we found that the C. elegans genes containing cassette exons on average have undergone significantly less gene duplication (1.6 genes per family) than the remaining C. elegans genes (4.5 genes per family for the whole constitutively spliced dataset and 3.2 among genes with similar EST coverage distribution, see Methods). Furthermore, among our set of alternatively spliced genes, the frequency of 1:1 orthologs increases from 65%, in the whole genome, to 93.4%. Thus, we find that AS and gene duplication are also inversely related in nematodes. elegans/C. briggsae than in mouse-human lack a 1:1 ortholog (35% v. 20% (Stein et al. 2003) , although other factors, including gene loss and faster sequence evolution in Caenorhabditis, could contribute to this pattern). Furthermore, recent gene duplication rates have been found to be more than 10-fold higher in C. elegans than in Drosophila (Gu et al. 2002) .
These data suggest that in worms gene duplication may have an especially extensive role in generating proteome diversity. Indeed, more than 50% of newborn gene duplicates in C.
elegans have unique exons in one or two members of the duplicate pair (Katju and Lynch 2003) whereas our results show that creation/loss of alternatively spliced exons is much slower.
Thus, in Caenorhabditis nematodes, novel transcripts are seldom generated by alternative splicing, but rather by gene duplication. This is different from what has been observed in mammals, where both mechanisms seem rather active, and suggests that worms and mammals may differ in the way their genomes generate transcriptome variability.
Gene structure and evolution of alternative splicing 13 A central evolutionary question concerns the origins of alternative spliced exons.
Interestingly, for mutually exclusive adjacent exon pairs, 6 out of 22 (27%) show more than 40% protein sequence identity, indicating that they might have arisen by exon duplication, which previous studies have suggested to be a major source of generation of such exons (Kondrashov and Koonin 2001) .
Intron insertion/loss may explain conversions from single exon skippings to co-dependent multiple exon skipping and vice versa. We found 3 single alternatively spliced exons in C.
elegans that are split in two by an intron in the other Caenorhabditis species, and 2 double exons that are fused in C. briggsae and C. remanei. Related to this mechanism, we found 5 cases where one of the introns flanking a cassette exon in C. elegans is absent in C. briggsae and C. remanei (i.e. the cassette exon is joined to the neighboring exon) and 2 only absent in C. briggsae, and thus the sequence does not constitute a cassette exon in C. briggsae.
Previously, Malko and coauthors (Malko et al. 2006) reported similar cases in insects and suggested that in such cases the alternative splicing of the sequence could still be achieved by 'exon truncation', i.e. by generation of transcripts including only part of the longer exon.
However, as this would seem to require evolution of a new set of recognition signals at this boundary, we suspect instead that usually the exon is constitutive in C. briggsae, or that the entirety of the long exon is alternatively spliced.
Finally, we find that a high fraction (46.5%) of cassette exons lie adjacent to additional cassette exons. The 75 observed genes containing exactly two adjacent cassette exons exhibited splicing patterns ranging from clear double exon skipping (56.6%) to mutually exclusive exon skipping (29.3%).
Quality of gene and AS predictions
Is there an alternative explanation for the data? One seeming possibility is that due the greater EST coverage for mammalian species extremely low level spliced exons (and thus possibly very poorly conserved) have been identified in mammals but not Caenorhabditis.
However, the previous studies sought to exclude such exons by studying only exons supported by multiple ESTs (whereas here we studied even single EST exons). Differences in the type of experimental support may also have an effect. While mammalian data is mostly based on ESTs, many alternatively spliced exons in C. elegans have been detected by full cDNA and, importantly, through the Caenorhabditis ORFome project, perhaps leading to prediction of more highly expressed and reliable and therefore conserved alternatively spliced exons. Finally, another potential source of differences between studies is the different criteria and experimental approaches used by the different groups.
On the other hand, the observed high level of conservation is unlikely to reflect missed annotation of poorly conserved genes in C. briggsae, since clear orthologous C. briggsae genes were found for ~93% of AS C. elegans genes (which were defined without comparison to C. briggsae gene model).
Concluding remarks
Previous studies indicate that interspecies transcriptome variation may be achieved differently in nematodes than in mammals and dipterans (Gu et al. 2002; Rukov et al. 2007) . We here These results attest to pronounced differences in patterns of genome and gene structure evolution across metazoans. References: (1) (Stein et al. 2003) , (2) (Malko et al. 2006) , (3) (Russo, Takezaki, and Nei 1995) , (4) Modrek and Lee 2003, (5) (Waterston et al. 2002) , and (6) (Holt et al. 2002) . 
